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Low energy quadrupole exitations of the
84−110
Mo nulei are studied in the frame
of the general Bohr olletive model. The potential energy and inertial funtions are
alulated using the ATDHFB method starting from the Skyrme eetive interation.
Obtained energies of the 21, 41, 22 and 02 levels and B(E2) values for the 21 → 0g.s
transitions are in good agreement with experimental data.
1. Introdution
The aim of this work is to desribe low energy quadrupole olletive exitations of
the even-even
84−110
Mo isotopes within the frame of a mirosopi theory based
on the Skyrme eetive interation. We present results of alulations for 2+1 , 4
+
1 ,
0+2 and 2
+
2 exited levels and B(E2) probability for the 2
+
1 → 0g.s transition in
the whole hain of isotopes. Moreover, we inlude more detailed data on levels
and E2 transitions for the
100
Mo nuleus. To study the olletive phenomena the
standard mean eld theory must be extended with the Adiabati Time Dependent
HFB method, whih is used in this paper, or the Generator Coordinate Method.
The important feature of the approah presented below is that the olletive spae
ontains all quadrupole degrees of freedom, i.e. both β and γ deformations and the
Euler angles. This allows us to study in a onsistent way an evolution of olletive
properties along the onsidered hain from spherial nulei around the semi-magi
92
Mo to well deformed but soft against γ deformation heavier isotopes. This ap-
proah was applied previously with a reasonable suess for several other regions
of nulei in.
1,2,3,4
We should add that various properties of the disussed Mo isotopes (of all or
some of them) were studied in numerous papers using various theoretial methods,
let us mention only some of the most reent ones.
5,6,7,8,9
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2. Theory and details of alulations
The main tool of the olletive part of the presented approah is the general Bohr
Hamiltonian, whih is determined by 7 funtions depending on the deformation
variables β, γ. The funtions are: the potential energy and 6 inertial funtions,
inluding 3 moments of inertia (the inertial funtions are frequently alled mass
parameters). The mirosopi part of our approah is based on the Adiabati Time
Dependent HFB method whih allows us to alulate the seven mentioned funtions
starting from the eetive nuleon-nuleon interation. The deformation variables
β, γ are dened through mean values (in a HFB state) of the omponents of the
quadrupole tensor of mass distribution by β cos γ = D〈Q20〉, β cos γ = D〈Q22〉 with
D =
√
pi/5/(Ar2). Below we disuss the results obtained using two well known vari-
ants of the Skyrme interation: SIII
10
and Sly4.
11
For the p-p (pairing) hannel
we hose the onstant G (also alled state independent or of the seniority type)
interation. The strength of the pairing interation was determined by ompar-
ing `experimental' pairing gaps with alulated minimal quasi-partile energies for
104−108
Mo isotopes. By `experimental' gap we mean a gap obtained from experi-
mental mass dierenes with the use of the 5 point formula.
12
Tehnial details of
the applied methods an be found in.
1
Important aspet of our approah is that no
free parameters are tted to obtain olletive energies and B(E2) transition proba-
bilities. Another important point is that the so-alled Thouless-Valatin orretions
and possible eets of the pairing vibrations are simulated in a very rough way by
multiplying the mass parameters by the onstant fator 1.3, for a deeper disussion
of this point see.
4
3. Results of alulations
3.1. Potential energy
Figs. 1-3 show potential energy surfaes of seleted Mo isotopes alulated for both
disussed variants of the Skyrme interation in the sextant β ≤ 0.7, 0◦ ≤ γ ≤ 60◦
of the deformation plane. The plotted energy is relative to that of a spherial shape
of a given nuleus. Additional plot in eah gure gives diret omparison of energies
of axial shapes for both versions of interation.
It turns out that in the viinity of the semi-magi
92
Mo both SIII and SLy4
give almost idential potential energies, see e.g. Fig 2. For lighter,
84−86
Mo, and
espeially for heavier,
98−110
Mo, isotopes the energy from the SIII variant is softer
against deformation than the SLy4 energy. One an be tempted to relate this dier-
ent behaviour with inreasing neutron number to dierent global (i.e. onerning
nulear matter) properties of these two interations, espeially the surfae prop-
erties, see e.g.
13
. However, it is not lear if suh behaviour an be attributed to
only one global property of a given interation. In the heavier region minima of the
potential energy lie lose (or on) the prolate axis for the SIII and lose to (or on)
the oblate axis for the SLy4 version, see e.g. Fig. 3. It should be stressed, however,
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that in the approah applied in this paper the most important is an overall shape
of the potential energy and not a preise loation of its minimum.
1
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Fig. 1. Potential energy relative to that of a spherial shape of the
86
Mo nuleus alulated using
SIII and SLy4 versions of the Skyrme interation.
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Fig. 2. Potential energy of the
94
Mo nuleus, see also aption to Fig. 1.
The six inertial funtions (mass parameters and moments of inertia) whih enter
the Bohr Hamiltonian strongly depend on deformation but are not plotted here
for the sake of a limited spae. Preliminary analysis shows that dierenes in the
olletive spetra (see Setion 3.2) ome from dierent potential energies rather
than from dierent inertial funtions.
3.2. Energy levels, E2 transitions
Theoretial olletive energy levels are obtained by solving an eigenproblem of the
Bohr Hamiltonian. For omparison with experimental data
14
we hose 21 and 41
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Fig. 3. Potential energy of the
108
Mo nuleus, see also aption to Fig. 1.
states (from the ground state band) as well as 22 and 02 states that an be onsid-
ered as bandheads for the quasi-γ and quasi-β bands. The results are presented in
Figs. 4-7.
Fig. 4. Experimental and theoretial 2
+
1 levels in the the
84−110
Mo isotopes. Results for the SIII
interation are plotted in the left panel and for the Sly4 interation  in the right panel.
Generally, both SIII and SLy4 give similar, quite satisfatory, results, however,
it an be learly seen that dierenes in potential energies (see Setion 3.1) lead
to dierenes in olletive energy levels. The g.s. band states and 22 levels are
reprodued rather well, with the exeption of the ase of the semi-magi
92
Mo
nuleus. Problems with proper desription of olletive exitations in magi and,
to less extent, in semimagi nulei are rather typial for approahes similar to
one employed in this paper (note that also in the ase of the
92
Mo nuleus the
mass parameters are multiplied by the fator 1.3). In the ase of 02 states there
are notable disrepanies between theory and experiment for the
96−100
Mo nulei,
however, more detailed studies are needed beause it is not lear if the rst exited
0+ states, whih lie very low in this nulei (for 96Mo even lower than 2+1 level) an
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Fig. 5. Experimental and theoretial 4
+
1 levels in the the
84−110
Mo isotopes, see also aption to
Fig. 4
Fig. 6. Experimental and theoretial 2
+
2 levels in the the
84−110
Mo isotopes, see also aption to
Fig. 4.
Fig. 7. Experimental and theoretial 0
+
2 levels in the the
84−110
Mo isotopes, see also aption to
Fig. 4
be interpreted as olletive quadrupole exitations.
15,16
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Having determined theoretial olletive wave funtions one an alulate E2
eletromagneti transition probabilities, whih an give deeper insight into the na-
ture of quadrupole olletive states. In our approah the olletive E2 transition op-
erator is given simply by a quadrupole harge tensor, without any eetive harges.
Fig. 8 shows B(E2) redued probabilities for the 21 → 01 transitions within the
ground state band.
General onlusion from the results of the present subsetion is that the SIII
version of the Skyrme interation better reprodues experimental data, for both
energy levels and B(E2)'s, than the SLy4 version. However, to judge the goodness
of a partiular variant of the interation one should onsider also other observables
not disussed here, suh as absolute binding energies, radii et.
. . .
. .
.
.
.
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Fig. 8. Comparison of experimental and theoretial B(E2) values for the 21 → 0g.s. transition in
the
84−110
Mo isotopes. Left panel  results for the SIII interation, right panel SLy4.
3.3. The
100
Mo nuleus
Below we present more detailed results for the
100
Mo nuleus. Fig. 9 shows the
lowest energy levels of positive parity, grouped tentatively into bands for the SIII
variant (results for the Sly4 variant do not dier signiantly). Qualitatively, the
overall theoretial and experimental patterns of energy levels are similar. However,
position of the β-band and details of the γ band are not reprodued very well.
Table 1 ontains experimental
14
and theoretial values of the redued proba-
bilities for several E2 transitions in the onsidered nuleus.
Table 1. Experimental and theoretial B(E2) transition probabilities (in W.u.)
for the
100
Mo nuleus.
Ji Jf Exp SIII SLy4 Ji Jf Exp SIII SLy4
21→01 37.0(0.7) 42.9 29.2 22→02 5.5 (0.8) 12.1 3.0
41→21 69 (4) 76.1 53.8 22→21 51 (5) 50.5 53.7
61→41 94 (14) 102.7 75.6 22→01 0.62(0.05) 0.8 0.06
81→61 123 (18) 124.9 97.8 23→22 36 (18) 14.1 9.7
02→21 92 (4) 50.3 42.1 23→02 14 (4) 41.4 29.7
42→22 30 (6) 45.4 39.5 23→21 0.28(0.08) 0.003 0.1
May 26, 2018 3:16 WSPC/INSTRUCTION FILE lproh_k09
Colletive states of even-even Mo isotopes 7
1
2
3
E[MeV]
0
2
4
6
8
g.s
2
3
4
5
γ
0
2
4
β
Th, SIII
100Mo
0
2
4
6
8
g.s.
2
3
4
(4,5)
γ
Exp
0
2
β
Fig. 9. Experimental and theoretial positive parity levels of the
100
Mo nuleus.
As one an see from Table 1, the applied theoretial approah gives good agree-
ment with experiment for the
100
Mo nuleus, espeially keeping in mind that there
are no eetive harges here. Again, the SIII results are slightly loser to experiment
than those of SLy4.
4. Conlusions
The main onlusion is that the general Bohr Hamiltonian based on the ATDHFB
method with the Skyrme interation desribes general trends in olletive properties
of the Mo isotopes reasonably well. Moreover, as it an be seen at least in the
presented ase of
100
Mo, this approah leads to quite good qualitative agreement
with extensive experimental data for both energies and E2 transition probabilities.
To be more preise, we showed this for two (SIII and SLy4) among plenty of versions
of the Skyrme interations. In our opinion a study of olletive properties an
give an additional riterion when hoosing the optimal variant of interation, or,
more generally, the optimal shape of a density energy funtional. Suh searhes
urrently attrat muh attention. However there are several questions whih need
more detailed studies. Let us mention some of them. Firstly, what are the eets of
the quadrupole motion on the binding energy of nulei. To estimate suh eets one
should take into aount the so alled zero point energy orretions given by the
GCM method, see e.g.
17
Seondly, the inuene of the Thouless-Valatin terms and
of the eets of the pairing vibrations on the olletive kineti energy is simulated
in a very rough way.
18,19
More preise, quantitative estimation of suh eets is
still needed.
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